added with C1 glass exhibited a lower dielectric constant than C1A03 glass due to cristobalite phase formation. For Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% glass, the variation in Q × f value presented the same trend as the sphene formation amount variation. The best Q × f value of 2380 GHz was achieved for Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% C1A03 glass sintered at 900 ℃ due to the dense structure and greater amount of sphene. Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% C1A03 glass sintered at 900 ℃ exhibited a dielectric constant of 22.8 and Q × f value of 2380 GHz, which are suitable for microwave LTCC applications.
Introduction
Microwave dielectric ceramics are important for mobile telecommunication devices, such as dielectric resonators. The dielectric components must also be miniaturized to reduce the device size. For dielectric ceramic applications in microwave devices, a high dielectric constant (ε r ), high quality factor (Q × f ), and near-zero resonant frequency (τ f ) temperature coefficient are required. Low-temperature co-fired ceramic (LTCC) is a ceramic filled glass composite based on crystallizable glass or a mixture of glass and ceramics. In Refs. [1, 2] for the LTCC system, the glass acts mainly as a low temperature sintering aid and ceramic fillers help in enhancing mechanical strength and minimizing distortion. High volume glass content is often detrimental to the LTCC materials dielectric constant (K) and quality factor (Q × f ) [3] . Crystallizable glass-ceramic is crystallized from the glass phase occurring after densification, presenting a distinct advantage for LTCC applications. Among several LTCC glass-ceramic systems, the CaO-B 2 O 3 -SiO 2 system was reported as a suitable candidate material for LTCC applications owing to its low firing temperature and low dielectric loss [4] . The LTCC properties with the crystallizable glass-ceramic filler system are controlled by the glass structure, crystallization behavior, and interaction between the glass and ceramic filler during firing. Therefore, a thorough understanding of the structure and crystallization behavior of glass-ceramic systems is needed before the processing parameters are optimized. Ca 1-x Nd 2x/3 TiO 3 [5, 6] exhibits high K (~100), high Q × f value (> 10,000 GHz), and much lower positive τ f than that of CaTiO 3 . Wei and Jean [7] reported that the Ca 1-x Nd 2x/3 TiO 3 can be densified at temperatures below 900 ℃ by adding 20-40 vol% 3ZnO-2B 2 O 3 glass, which exhibited a dielectric constant of 30-60 and a quality factor of 200-550 at 1-10 GHz. The delamination and warpage in low-K and middle-K LTCC layer co-firing can be easily minimized by using common glass frits [8] . CaO-B 2 O 3 -SiO 2 (CBS) glass ceramics have been reported as a promising low-K LTCC material for use in the microelectronic field [9] [10] [11] [12] . However, the addition effects of Ca 1-x Nd 2x/3 TiO 3 ceramics into the CaO-B 2 O 3 -SiO 2 glass on the glass structure, crystallization behavior, and dielectric properties have never been studied in detail to our best knowledge. The addition effects of Ca 1-x Nd 2x/3 TiO 3 ceramics on the crystallization, densification, and dielectric properties of CaO-B 2 O 3 -SiO 2 -(Al 2 O 3 ) glass for LTCC applications are investigated in this study.
Experimental
The The glass powder had a mean particle size of 6.6 μm based on the scanning electron microscopy image The glass powder was mixed with different volume fractions of Ca 0.7 Nd 0.2 TiO 3 powder and then pressed uniaxially at about 90 MPa to make a pellet with 8 mm diameter and 2 mm in height. The samples were then sintered at temperatures in 800-900 ℃ for 1 h. The crystallization temperature (T c ) was determined using a differential thermal analyzer (DTA, Netzsch STA 409C, Germany). The DTA was performed at a heating rate of 10 ℃ /min under flowing air. The glass transition temperature (T g ) and softening temperature (T s ) of the glasses were measured using a dilatometer (Netzsch, 402PC) at a heating rate of 10 ℃/min. The glass densities were measured using a helium gas pycnometer (Accupyc1340, Micromeretics Instrument Corporation, Norcross, GA, USA). The crystalline phase evolution was characterized using an X-ray diffractometer with a Cu Kα (Dandong Fangyuan, DX-2700, Shandong, China). The sintered sample microstructures were examined using scanning electron microscope (SEM) (Hitachi, S-4100). The microwave dielectric properties (relative dielectric constant, quality factor value) were measured using a vector network analyzer (Keysight Tech., E5071C ENA) at 9 kHz-20 GHz.
Results and discussion
The T g and T s of C1 and C1A03 are 585, 628, 600, and 640 ℃ based on the dilatometric measurements. In addition, C1 and C1A03 glasses exhibited T c at around 740 and 780 ℃, respectively. Figure 1 shows the XRD patterns of Ca 0.7 Nd 0.2 TiO 3 powders added with 40, 50, and 60 wt% C1 and C1A03 Figure 3 shows the variation in the amount of sphene for the Ca 0.7 Nd 0.2 TiO 3 added with various amounts of C1 and C1A03 glasses and sintered at 850 and 900 ℃. As the temperature was raised from 850 to 900 ℃, the amount of sphene phase increased. Figure 4 shows the SEM image and concentration profiles of the interface between Ca 0. 7 Figure 5 shows the Ca 0.7 Nd 0.2 TiO 3 microstructures added with various amounts of C1 and C1A03 glasses after sintering at 900 ℃. Ca 0.7 Nd 0.2 TiO 3 added with 40 wt% C1 or C1A03 glass sintered at 900 ℃ did not result in comparable densification, which may be due to insufficient liquid phase. As the glass content increased, the sample became dense and the amount and size of the pores decreased. This suggests that densification can be achieved using the liquid phase sintering of glass and a dense microstructure with few and small pores can be obtained for Ca 0.7 Nd 0.2 TiO 3 added with 50-60 wt% C1 or C1A03 glass sintered at 900 ℃. Figure 6 shows the variation in porosities for Ca 0.7 Nd 0.2 TiO 3 added with various amounts of C1 and C1A03 glasses after sintering at 850 and 900 ℃. This indicates that the porosity decreased below 1% as the glass addition was above 50 wt% for the samples sintered at 850 or 900 ℃. Figure 7 shows the dielectric constants of Ca 0.7 Nd 0.2 TiO 3 added with various amounts of C1 and C1A03 glasses after sintering at 900 ℃. The change in dielectric properties is attributed to the variation in density and phase constituents during sintering [13, 14] . The relative dielectric constants were all 20-23. As the glass content was increased from 40 to 50 wt%, the size and amount of pores decreased, leading to increased dielectric constant. As the glass content was further increased to 60 wt%, the dielectric constant declined due to adding too much glass with low dielectric constant. Ca 0.7 Nd 0.2 TiO 3 added with C1 glass exhibited a lower dielectric constant than C1A03 glass, which may be due to cristobalite phase formation with lower dielectric constant (3.8).
The Q × f value of Ca 0.7 Nd 0.2 TiO 3 added with 60 wt% C1 or C1A03 glass cannot be determined due to the complete resonance peak disappearance during measurement. This may be explained by the addition of too much glass with lower Q × f value due to the larger ionic vibration loss [1] . The Q × f values of Ca 0.7 Nd 0.2 TiO 3 added with C1 and C1A03 glasses after sintering at 850 and 900 ℃ are shown in Table 2 . The Q × f value depends on the sintered density and crystalline phase [15, 16] . The Q × f values of Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% glass were higher than those added with 40 wt% glass due to the higher densification. For Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% glass, the variation in Q × f value has the same trend as the variation in sphene formation amount. Sphene (CaSiTiO 5 ), which is known as titanite, exhibits low dielectric loss (tanδ = 5×10 -4 ) [17] . The best Q × f value of 2380 GHz can be achieved for Ca 0.7 Nd 0.2 TiO 3 ceramics added with 50 wt% C1A03 glass sintered at 900 ℃ due to the dense structure and 
